Advanced microscopy characterisation and numerical modelling have been carried out to investigate oxygen diffusion and crack growth in a nickel-based superalloy under fatigue-oxidation conditions. Penetration of oxygen into the material and the associated internal oxidation, which leads to material embrittlement and failure, have been found from Focused Ion Beam (FIB) examinations. Applied fatigue loading tends to enhance the extent of internal oxidation for temperatures at 750°C and above. Using a submodelling technique, finite element analyses of oxygen penetration at grain level have been carried out to quantify the fatigue-oxidation damage and calibrate the diffusion parameters based on the measurements of maximum depth of internal oxidation. The grain microstructure was considered explicitly in the finite element model, where the grain boundary was taken as the primary path for oxygen diffusion. A sequentially coupled mechanical-diffusion analysis was adopted to account for the effects of deformation on diffusion during fatigue loading, for which the material constitutive behaviour was described by a crystal plasticity model at grain level. Prediction of oxidation-assisted crack growth has also been carried out at elevated temperature from the finite 2 element analyses of oxygen diffusion near a fatigue crack tip. A failure curve for crack growth has been constructed based on the consideration of both oxygen concentration and accumulated inelastic strain near the crack tip. The predictions from the fatigue-oxidation failure curve compared well with the experimental results for triangular and dwell loading waveforms, with significant improvement achieved over those predicted from the viscoplastic model alone.
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Introduction
Nickel-based superalloys are favoured for disc rotors in high pressure compressor and turbine of aero-engines due to their exceptional mechanical properties at high temperature. Oxidation damage, when combined with fatigue, is a major concern for disc rotors exposed to arduous gas environment for prolonged periods. Evidence of oxidation in nickel alloys has been presented for both smooth and cracked specimens with appreciable oxide layers built on free surfaces and at internal grain boundaries [1] [2] [3] [4] [5] [6] [7] [8] . Oxidation results in reduced fatigue life by promoting early cracking of surface oxide scales followed by the dominantly intergranular cracking at accelerated growth rates [4, 5, 9] . A number of mechanisms have been proposed for oxidation induced damage, including formation of both external and internal brittle oxides (Ni, Nb, Al, Cr) [4, 5, 9, 10] , vacancy injection [11] , gas bubble formation (CO or CO 2 ) [1] and releasing of embrittling alloy elements [12] at the grain boundaries.
Mechanical deformation was shown to play a significant role in oxidation and corrosion damage for nickel and its alloys [13] [14] [15] [16] [17] [18] . For instance, Moulin et al. [13] studied the influence of external mechanical loading on oxygen diffusion during nickel oxidation. Oxygen enrichment was observed in the oxide scale under mechanical loading and the ingress of oxygen in the substrate beneath the oxide scale became easier in the presence of a constant tensile load (creep). Berger et al. [14, 15] reported that the application of a constant load induced multiple cracks at the surface of nickel oxide scale and an increase of oxygen diffusivity by two orders of magnitude, although the enhancement of oxygen diffusivity decreased with the further increase of load level. The oxidation kinetics curves gained by thermogravimetric analysis indicated that the oxidation rate of pure nickel was accelerated by both tensile and compressive external stress [16] . A study of cast nickel superalloy IN100 showed that matrix oxidation was strongly enhanced by fatigue cycling [17] . Effects of applied tensile stress on the growth kinetics of oxide scales were also studied for Ni-20Cr alloys [2] , where the internal oxidation and the oxide layers were shown to be much thicker than that formed without load. This was also the case for internal nitridation of nickel alloy Inconel 718 under mechanical stress [18] .
Stress-enhanced oxidation was also found for other metallic materials such as Cr-Mo steel, where both oxide layer and penetration of oxide along preferential paths (e.g., cracks, grain boundaries) increased significantly under strain-controlled low cycle fatigue [19, 20] .
Alloy RR1000 studied here is one of the new generation polycrystalline nickel alloys, developed at Rolls-Royce plc, to meet the demands for higher overall pressure ratios, compressor discharge temperatures and rotational speeds for the latest aero-engines. The material was produced through a powder metallurgy route and has a fine grain microstructure, with an average grain size of ~5µm [21] . Fatigue, creep and material constitutive behaviour of RR1000 at high temperatures have been extensively studied at Portsmouth [22] [23] [24] [25] [26] [27] . Oxidation damage of alloy RR1000 was investigated by Encinas-Oropesa et al. [28] at temperatures between 700C and 800C from thermogravimetric analyses of small disc samples, where the oxide scale rich in Cr and Ti had been found to grow in a parabolic dependence with time. FIB examinations of oxidised samples for RR1000 revealed the formation of recrystallised grains and voids beneath the oxide scales [28] . The oxidation-linked microstructure damage becomes more significant with the increase of testing temperature. The thickness of oxide scale and the depth of internal damage, exemplified as voids along grain boundaries, are more than tripled at 800C when compared to those at 700C. Oxide particles can also be observed on the surface of those internal micro-voids from the FIB images [28] . Recently, Karabela et al. [29, 30] investigated the influence of fatigue on oxidation damage of alloy RR1000.
The results suggest that fatigue does not appear to change the nature of oxidation damage but tends to enhance the extent of oxidation damage at temperatures of 750°C and 800°C. The influence of cyclic stress on oxidation damage appears to be insignificant at lower temperatures though. In addition, crack growth tests for alloy RR1000 at elevated temperature showed an increased crack growth rate with the increase of a dwell period imposed at the maximum load and the decrease of loading frequency due to the detrimental role of oxidation [24, 31] .
Oxidation-assisted crack propagation in nickel alloys is a result of oxygen diffusion into a local area with increasing tensile stresses, such as crack tips [32] [33] [34] . Oxygen, by itself or through chemical reaction, attacks the grain boundaries by lowering boundary cohesion and prompts accelerated intergranular cracking [32] [33] [34] . The diffusion process is facilitated by high tensile stresses near the crack tip [32] [33] [34] [35] , especially for superimposed dwell periods at maximum load where the crack tip is fully open and experiences sustained high tensile stresses. Generally, computational simulations of oxygen diffusion [33, 34, [36] [37] are based on Fick's first and second laws, where the effect of stress on oxygen diffusion is assumed to be controlled by the gradient of hydrostatic stress [38] [39] [40] [41] . In this case, diffusion of oxygen within the material is controlled by two essential parameters, namely, the oxygen diffusivity and the pressure factor [33, 34, [36] [37] . This approach has been applied to study the hydrogen [35, 41] and oxygen [36, 37] embrittlement of engineering materials under mechanical loading conditions, including the prediction of crack growth under fatigue-oxidation conditions. Furthermore, simulation of stress-driven oxygen diffusion has been carried out for alloy RR1000 at grain level, where the material micro-structure was explicitly considered [42] . The heterogeneous deformation at grain level due to the orientation mismatch between neighbouring grains introduced a large local stress gradient, and was shown to have significant influence on the oxygen diffusion process along the grain boundaries [42] . However, the diffusion parameters used in [42] were estimated from the surface oxide scale growth rather than the depth of internal oxidation. Modelling of oxygen diffusion coupled with viscoplasticity has also been developed to study oxidation-assisted crack growth for alloy RR1000 [37] . A failure envelope, expressed in terms of oxygen concentration and accumulated inelastic strain, has been constructed and successfully utilised to predict crack growth rates in a CT specimen under fatigue-oxidation conditions [37] . However, the values of the two essential diffusion parameters, namely the oxygen diffusivity and pressure factor, were assumed due to the lack of experimental data.
The objective of this work is to further investigate the effects of fatigue and temperature on oxidation damage of alloy RR1000, with a focus on oxygen diffusion and associated crack growth.
FIB microscopic analyses of waisted specimens, tested under cyclic loads in laboratory air at 700C, 750C and 800C, were carried out to examine the effects of cyclic stress on oxygen penetration.
Oxygen diffusion along grain boundaries was modelled for a waisted specimen, and the diffusion parameters were calibrated based on the FIB measurements of internal oxygen penetration. Using the obtained diffusion parameters, we also simulated the process of oxygen diffusion into a crack tip and its subsequent effect on crack growth. Based on the consideration of both oxygen concentration and accumulated inelastic strain near the crack tip, a failure curve was constructed and subsequently utilized to predict crack growth rates under fatigue-oxidation conditions for selected loading frequencies and dwell periods. The results were compared against the experimental results [16, 32] and those predicted from the viscoplastic model.
Microscopy analyses

Material
The alloy under investigation is fine grain RR1000, produced through a powder metallurgy route by Rolls-Royce for disc rotor applications in the latest aero-engines. The chemical composition of RR1000 is 18.5Co-15Cr-5Mo-3.6Ti-3Al-2Ta-0.5Hf-0.03C-0.02B-0.06Zr and balance Ni in weight percentage. The alloy has a two-phase microstructure consisting of γ matrix and strengthening γ΄ precipitates Ni 3 (Al, Ti, Ta) which are largely responsible for the elevated temperature strength of the alloy. An average grain size of ~5µm was determined from an EBSD (Electron Backscatter Diffraction) analysis [21] . The yield stress of the material is 1030 MPa (0.2% proof stress) at 650C.
Specimen
Waisted specimens, as shown in Fig.1 , were provided by Rolls-Royce for fatigue testing in air at 700°C, 750°C and 800°C under a triangular loading waveform. The specimen has a diameter of 4.4 mm and 18 mm for the narrowest section and the section at the ends, respectively, and a length of 94 mm. Under fatigue loading, this will produce variable stress levels across the specimen length. For 700°C and 750°C, a load of 10kN was applied, with a load ratio of R = 0.1 and a loading frequency f = 0.25Hz. For 800°C, the load was reduced to 8kN, considering the reduced mechanical properties at such a high temperature; while the load ratio and loading frequency remain unchanged (R = 0.1 and f = 0.25Hz). At 700°C, the specimen was loaded for 176,763 cycles, approximately 196 hours, and survived the test duration without failure, while fatigue failure occurred in specimens tested at 750°C and 800°C with complete fracture at the narrowest section. The fatigue life is 174,392 cycles (194h) at 750°C and 33,473 cycles (38h) at 800°C, indicating a drastic reduction of fatigue resistance at temperatures up to 800°C.
FIB analyses
FIB system was used to cut trenches on the specimen surface to reveal the nature of the oxidised surface after the fatigue tests. The equipment is an FEI Strata 200xP FIB with a fine gallium (Ga +   ) beam. The specimen was mounted onto a special grip and then placed inside the FIB chamber where vacuum conditions apply. An area of interest, with a dimension of 25μm  2μm, was selected and a layer of platinum (Pt) deposition was applied on the selected surface to avoid both contamination and stray sputter damage during the FIB milling operations. The cutting operation using the Ga + beam was initially in coarse steps, followed by finer steps to produce one flat side to the trench [28] .
FIB images were produced via detected back scattered electrons that resulted from bombardment of the sample using low power Ga + ion beam, which scans the flat side of the trench.
For waisted specimen, three locations on each specimen, as illustrated by "A", "B", "C" in Fig.1 , were chosen to examine the influence of cyclic stress level on oxidation damage. Point A is located at the narrowest section, which has the highest stress level, while points B and C are 15mm and 30mm, respectively, away from the point A and have reduced stress levels due to the increased crosssectional areas. Specifically, under the load of 10kN, the stress level is 670MPa, 350MPa and 100MPa, i.e., 65%, 34% and 10% of 0.2% proof stress of the material at 650C, at point A, B and C, respectively.
Modelling of oxygen diffusion
Governing equations
Here we are concerned with the diffusive transport of oxygen into the material, which can be modelled as [38] [39] [40] :
where C is the concentration of the solute, t the time,  the gradient, D the oxygen diffusivity, P the hydrostatic stress (pressure) and M the pressure factor. The constitutive law (1) has been used to account for the influence of mechanical stress on mass transport [33] [34] [35] [36] [37] [38] [39] [40] [41] . The gradient of hydrostatic stress (or pressure) is regarded as the driving force for stress-assisted diffusion process. In the absence of pressure stress effects, i.e., the pressure factor M = 0, the formulation is reduced to natural diffusion.
Oxygen flux boundary conditions
The boundary condition for oxygen diffusion from the surface into the material follows the parabolic law, which is determined from oxidation kinetics study [28] . The oxidation kinetics of RR1000 has been studied in [28] for temperature from 700C to 800C. The mass gain per unit area due to oxidation is a parabolic function of time and can be expressed as
where W is the mass gain,  the parabolic oxidation growth rate and t the time.
The flux of oxygen into the material at the surface can be derived by performing a differentiation with respect to time for equation (2) , which gives:
The above flux boundary condition has been applied in the diffusion analyses, where the value of  is given in [28] for RR1000.
Visco-plasticity and crystal plasticity models
Viscoplasticity
The global material behaviour is described by the unified constitutive equations developed by
Chaboche [43] , where both isotropic (R) and kinematic () hardening variables are considered during the transient and saturated stages of cyclic response. A power-law relationship is adopted for the viscopotential and the viscoplastic strain rate p  is expressed as [43] :
where f is the von Mises yield function, Z and n are material constants, and the brackets imply that
According to the von Mises yield criterion, the yield function f is defined as
where R is the isotropic hardening variable and k 0 is the initial value of the radius of the yield surface.
J denotes the von Mises distance in the deviatoric stress space:
where σ' and ' are the deviators of σ and , : represents the inner product of two tensors. Plastic flow occurs under the condition f = 0 and
. For this model, the motion of yield surface continues to hold but the stress in excess of the yielding stress is now admissible and often termed as "overstress".
The evolution of the kinematic stress tensor  and the isotropic stress R follow [43] :
where C 1 , a 1 , C 2 , a 2 , b and Q are six material and temperature dependent constants which determine the shape and amplitude of the stress-strain loops during the transient and saturated stage of cyclic response, and p  is the accumulated inelastic strain rate defined by
Crystal plasticity
The material deformation at grain level was described by the crystal plasticity theory, where the flow rule is expressed in terms of slip resistance (S  ) and back stress (B  ) [44] ,
where k is the Boltzmann constant,   is the resolved shear stress on the slip system ,  the absolute temperature,  and  0 the shear moduli at  and 0 Kelvin, respectively, and F 0 , 0  , p 0 , q 0 and 0   are material constants.
The two internal variables, the slip resistance in each slip system, S  , and the back stress, B  , are introduced at the slip system level, which represent the state associated with the current dislocation network. The slip resistance on a generic slip system, associated with the dislocation density along that slip system (i.e., self-hardening), is assumed to evolve according to the following relation, starting at an initial value of 0 S [45] ,
where the first and second terms are static and dynamic recovery terms associated with the material constants h S and d D , respectively.
The back stress is representative of the internal stress state arising due to dislocations bowing between obstacles which can be either precipitates or other dislocations. The back stress evolves according to a standard hardening-dynamic recovery format [45] ,
where h B is a hardening constant, and r D is a dynamic recovery function which introduces the inherent dependency between the slip resistance and back stress and may be expressed as [45] ,
f S h r (12) where f c is a coupling parameter between the internal slip variables and 0  the local slip shear modulus at 0 Kelvin.
Model parameters and UMAT
Both the viscoplasticity and crystal plasticity formulation were implemented numerically into the finite element (FE) code ABAQUS [46] via a user-defined material subroutine (UMAT), where the fully implicit (Euler backward) integration algorithm was adopted [27, 47, 48] . Values of the viscoplasticity model parameters (Table 1) were optimized from the uniaxial experimental data of Alloy RR1000 at 650°C [25, 49] , which fit very well with the measured viscoplastic material response for a range of strain-controlled loading conditions [25, 49] .
For crystal plasticity, a three-dimensional representative volume element (Figure 2a) , consisting of randomly oriented grains, was built for the finite element analyses under periodic boundary constraints [50, 51] . Strain-controlled cyclic test data at 650C were used to determine the model parameters from a fitting process, where three loading rates were considered. The fitted parameters are listed in Table 2 . Other fitted parameters include the coefficient  = 0.85 and the shear modulus at 0 Kelvin µ 0 = 162 GPa. Anisotropic stiffness constants were taken as C 11 = 146.2 GPa, C 12 = 62.6
GPa and C 44 = 117.6 GPa, which give a global Young's modulus of 190 GPa for alloy RR1000 at 650C and matches the experimental measurement [49] . Model simulations are in good agreement with the experimental results for stress-strain loops, cyclic hardening behaviour and stress relaxation during the strain hold periods [25, 49] . For demonstration, comparison of simulation and test results is shown in Figure 2b for the stress-strain loop of the first cycle with a strain rate 0.05%/s and a strain range 2%.
Finite element analyses
Waisted specimen model
To study the effects of mechanical stress on oxygen diffusion, a quarter of the waisted specimen geometry was considered under fatigue loading conditions. The finite element global model, as shown in Fig.3(a) , consisted of first-order elements with full integration [46] ; while the submodel consisted of 150 grains with randomly assigned orientation (Fig.3 (b) and (c)). The submodel was meshed into 1,450 four-node first-order elements with full integration using ABAQUS [46] . The element size was about 1μm, quarter of the average grain size of the material. Specifically, each grain has about 20 to 30 finite elements. Grain boundaries were meshed into one-dimensional diffusion elements [46] , which share the same nodes with the bulk elements. On the right edge, the oxygen flux boundary condition given by Equation (3), was applied to each node to represent the surface oxidation process.
To solve the fatigue-oxidation problem, a sequentially coupled mechanical-diffusion analysis was performed to consider the dependence of oxygen diffusion on the stress state. The mechanical analyses for the global model and sub model were carried out first, with the history of hydrostatic stress for each node stored in the ABAQUS [46] output files. Crystal plasticity model was used for submodel FE analyses, while elastic analysis was used for the global model analyses as the applied load is below the yield level [29, 30] . During the diffusion analysis, the output files were used as inputs to include the effect of hydrostatic stress gradient on oxygen diffusion. Oxygen diffusion was assumed to occur along the grain boundaries only, consistent with experimental observations. Oxygen diffusion in bulk material was excluded in the diffusion analyses by assigning negligible diffusivity to the bulk elements.
CT specimen model
A standard compact tension (CT) specimen, which has the same geometry as that used for the crack growth testing by Dalby and Tong [24] , was considered for the finite element study of crack-tip oxygen diffusion and crack growth. The specimen (width W=26mm and height H=15.6mm) was meshed into two-dimensional first-order elements. As shown in Figure 4 , refined mesh (4-node, full integration) was used for the crack tip area, while slightly coarse mesh (3-node, full integration) was used outside the crack tip area in order to save the computation time. At the crack tip, the element has a size of 6.35μm, which is slightly over the average grain size of the material [21] . The crack length was chosen to be a = 13mm, half of the specimen width (a/W = 0.5). All FE analyses were carried out with a constant stress intensity factor range K and a ratio of R = 0.1. The load was applied to the specimen through a rigid pin modelled as a pair of contact surfaces in ABAQUS. For pure fatigue loading, a triangular waveform was used and frequencies varied from 0.001 to 2.5Hz.
For dwell loading, a trapezoidal waveform was used with a 1-x-1-1 pattern, where x is the dwell time and varies from 1 to 1000s [24] . Viscoplasticity model was used for mechanical FE analyses, followed by the oxygen diffusion analysis as described above. In the present work, a sharp crack was modelled without the consideration of crack blunting effect. Introducing crack blunting might cause a change in stress distribution near the crack tip and subsequently influence oxygen diffusion process near the crack tip.
Microscopy characterisation and measurement
FIB examinations
FIB analyses were performed to examine the oxidation damage for the tested specimens and the secondary ion images taken for position "A" are shown in Figs.5a, b and c for the three temperatures, where the bright areas below the specimen surface indicate the oxides within the material. At 700°C, oxidation is limited to the surface area of the specimen. The oxide scale above the surface has a thickness of up to 0.8μm and the depth of internal oxidation (below the surface and into the material) is measured up to 1.0μm. In this paper, the thickness of oxide scale was measured as the distance between the identified specimen surface and the surface of the oxide scale; while the depth of internal oxidation was measured as the distance between the identified specimen surface and the tips of internal oxides.
At 750°C and 800°C, as shown in Figs.5b and c, the specimens showed more severe oxidation damage when compared to that at 700°C, with a thicker oxide scale and a deeper oxide into the specimen. At 750°C, the thickness of oxide scale is measured up to 1.6μm (Fig.5b) , almost twice as much as that for the 700°C specimen. The depth of internal oxidation measured from the obtained FIB image is up to 2.5μm, which is more than doubled when compared to that for the 700°C specimen. At 800°C, the thickness of oxide scale and the depth of internal oxidation have values up to 1.7μm and 7.0μm, respectively (Fig.5c ).
Effect of stress level on oxidation penetration
To examine the effects of cyclic stress level on oxidation damage, FIB ion images, taken at the three locations A, B and C, were compared. The same types of oxidation damage were observed at all three locations, i.e., the oxide scales built on the surface and the internal oxides along the grain boundaries. This can be seen from the FIB ion images of oxidation damage presented in Fig.6 for position B and C at 800°C. Furthermore, the maximum depth of internal oxidation were measured for the three locations and presented in Fig.7 for 700°C, 750°C and 800°C. It can be seen that, at 750°C and 800°C, the cyclic stress has a notable influence on the severity of the internal oxidation damage. The maximum depth of internal damage increased with the increase of the stress level. At 800°C, the extent of the maximum internal damage at the highest stress area (Point A) nearly doubled that at the lowest stress area (Point C), with a measured difference of 3.8μm. At 750°C, the maximum depth of internal oxidation damage at Point A is 0.5μm more than that at Point C.
However, at 700°C, the effect of cyclic stress on oxidation damage seems to be insignificant, as shown in Fig.7 . This might be due to the relatively low level of oxidation kinetics at this temperature [28] .
In Fig.7 , we reported the maximum depth of internal oxidation rather than an average, as we are particularly interested in the fastest oxygen diffusion path. However, it should be noted that the FIB images (e.g. Figs. 5 and 6) are two-dimensional projections, and the appearance of internal oxidation in the FIB images depends on the location as well as the direction of FIB milling. Consequently, the measurements may vary if a different FIB position or a different milling direction is selected.
Simulation of oxygen diffusion
Oxygen diffusivity
Modelling of natural diffusion of oxygen has been carried out first, where the oxygen diffusivity was calculated using the depth of oxygen penetration measured by FIB. The diffusivity (or diffusion coefficient) was calculated based on [19] :
where D is the diffusivity, X is the maximum depth of internal oxidation measured from the FIB analysis in Section 3 (position C for the waisted specimen) and t is the time. The obtained values at 700C, 750C and 800C are given in Table 3 , where the value for 650C was extrapolated using an Arrhenius equation.
Effect of mechanical stress on oxygen diffusion
To study the effects of mechanical stress on oxygen penetration, finite element analyses of the global model and submodel were first carried out for 800C under fatigue loading condition using elasticity and crystal plasticity material model, respectively. Following the mechanical deformation analyses, diffusion analyses were carried out for a given pressure factor of 0.3MPa -1 , where the stress-driven oxygen diffusion was accounted for through Equation (1) . Contour plot of the oxygen concentration is shown in Figure 8 for 800C, where fatigue loading tends to induce a non-uniform distribution of oxygen concentration (Figure 8(b) ) along the grain boundaries when compared to the case for natural diffusion (Figure 8(a) ). As illustrated in Figure 8 , the maximum depth of oxygen penetration into the material is found to be  = 7.313μm, which is twice more than that for natural diffusion ( 0 = 3.207μm).
Although there are no direct experimental results available yet, our numerical model has demonstrated the effect of stress on the diffusion of oxygen along the grain boundaries (Fig.8) . This is also supported by our FIB measurements of internal oxidation damage which occurs mainly along the grain boundaries. It is believed that the different degree of internal oxidation damage at points A, B and C is due to the different levels of stress. Plastic strain may also play a role but regarded as minor since the applied load is well below the yield level (Section 2.3).
Determination of pressure factor
According to Equation (1), two parameters (diffusivity and pressure factor) are required to model fatigue-assisted oxygen diffusion. Diffusivity has been calculated from the FIB measurements of the maximum depth of internal oxidation and given in Table 3 . To work out the pressure factor, FE analyses have been carried out to obtain the maximum depth of oxygen penetration for selected pressure factor values, and the results are shown Figures 9a and b for 750°C and 800°C, respectively.
For both temperatures, the maximum oxygen penetration depth () is normalised against that ( 0 ) for natural diffusion.
At 750°C, the maximum depth of oxygen penetration follows a linear trend with the increase of the pressure factor (Figure 9a) . While, at 800°C, the maximum depth of oxygen penetration has a linear trend for pressure factor up to a value of 0.17MPa -1 , then followed by a sharp increase (Figure 9b ).
According to the FIB measurements, the maximum oxygen penetration depth has a normalised value (δ/δ 0 ) of 1.209 for 750C and 2.012 for 800C, which correspond to pressure factor values of 0.068MPa -1 and 0.188MPa -1 for 750C and 800C respectively, as indicated in Figure 9a and b. The obtained pressure factor is given in Table 4 , where the values for 650C and 700C were extrapolated using an Arrhenius equation.
Fracture criterion and prediction of crack growth under fatigue-oxidation conditions
Failure curve
Here we are concerned with the diffusive transport of oxygen into the crack tip under the influence of a mechanical loading field. Although the availability of oxygen may vary in the vicinity of the crack tip, as does the oxygen partial pressure, the oxygen intake on the crack surface was assumed to be uniform and follows the Equation (3). The diffusion parameters were already obtained from the FE analyses performed on the waisted specimen and, at 650°C, they are found to be:  = 1.67×10 In order to predict the crack growth rates under fatigue-oxidation conditions, it is necessary to establish an appropriate criterion to account for the contributions from both mechanical deformation and oxidation. Here, two parameters, namely the accumulated inelastic strain and oxygen concentration, were used to represent the viscoplastic deformation and the oxidation effect, respectively. The accumulated inelastic strain, highly localised to the crack tip [27, 37] , has been successfully used to predict crack growth rate in vacuum (without oxidation) [52, 53] . The idea proposed here is to use the two parameters to construct a failure curve from which crack growth prediction under fatigue-oxidation may be made. Experimental crack growth data for selected loading frequencies at ΔK=30MPa√m [24, 31] were utilised to determine the number of cycles required to grow the crack in the FE model. Specifically, the number of cycles was calculated by dividing the near-tip element size (6.35µm) with the measured crack growth rate. FE analyses were then carried out for the calculated number of cycles, i.e., just before the crack grows into the next element, and the values of the two parameters were extracted. The extracted values of the two parameters were then plotted against each other to obtain a failure curve. The results are presented in Figure 10 , where all the data seem to form a failure curve, which indicates a "safe zone" outside which the crack will grow.
Crack growth criterion proposed in the current work is essentially a strain-based approach, which has been widely used for the prediction of viscoplastic failures such as creep [54] [55] [56] . The strains local to a crack tip are of multiaxial nature such that an accumulated strain, which accounts for all strain components, is often adopted as a damage parameter [54] [55] [56] [57] . This parameter, combined with oxygen concentration, is also used in the present work. Furthermore, the choice of the accumulated plastic strain seems justified in that, under fatigue loadings, the reversed deformation during unloading is accounted for as well as that during loading. For alloy RR1000, which has superior high-temperature mechanical properties and toughness, fatigue deformation at 650C is most likely to be associated with the accumulated viscoplastic deformation. As stress-based failure criterion is generally responsible for brittle fracture, and consequently the role of stress was not considered in the current work.
Prediction of crack growth
Using the failure curve constructed above, crack growth rates in a CT specimen at 650C can be predicted from the finite element analyses for selected loading frequencies and dwell time at ΔK=30MPa√m. During the analyses, the accumulated inelastic strain and the oxygen concentration over the characteristic distance d*=6.35μm ahead of the crack tip were recorded against the number of cycles. The results were then used to obtain the number of cycles for the crack to grow, i.e., when the combination of the accumulated inelastic strain and the oxygen concentration reached the failure curve. The average crack growth rate was then calculated by dividing the characteristic distance with the number of cycles.
The predicted effects of loading frequency on crack growth rates is shown in Figure 11 for ΔK = 30 and 40 MPa√m, in comparison with the test data for CT specimens at 650C [24, 31] . For the predictions based on fatigue-oxidation failure curve, an excellent agreement was achieved for all loading frequencies.
The predicted effects of dwell time on crack growth rates is shown in Figure 12 for ΔK=30 and 40
MPa√m, in a direct comparison with test data for CT specimens at 650C [24, 31] . The predictions from accumulated inelastic strain show increased deviation from the experimental data as the dwell period is increased, especially when a dwell period is over 60 seconds. Again, this difference is much reduced when the fatigue-oxidation failure curve was used for the prediction.
Discussion
In the current work, internal oxidation damage was particularly identified for alloy RR1000 from the FIB secondary ion imaging (Figs.5 and 6) . The results showed that, in addition to the outwards diffusion of alloy elements (e.g., Cr, Ti, Ni) to form surface oxides, oxygen also simultaneously transports into the material, through the porous oxide scale and internal voids along the grain boundaries, and chemically reacts with the alloy elements to form internal oxide particles. Internal oxide particles are considered to be a mixture of TiO 2 and Al 2 O 3 [28, 58, 59] . Internal oxidation of nickel-base alloys could further enhance oxygen diffusion process due to the presence of incoherent interface between the internal oxides particles and the alloy matrix as well as the injection of vacancies into the alloy by the growing surface oxide scales [60] . Oxygen penetration and associated internal oxidation, especially along grain boundaries, may lead to critical embrittlement of the material and results in significantly shortened fatigue life. Imposed fatigue loading tends to enhance the depth of internal oxidation, especially for relatively high temperatures. At 800°C, the extent of the internal damage at the highest stress area (Point A) nearly doubled that at the lowest stress area (Point C). At 750°C, the extent of the internal oxidation damage at Point A is 50% more than that at Point C.
Simulation of internal oxidation has been carried out from oxygen diffusion analyses based on Fick's first and second laws. In the absence of mechanical stress, oxygen diffusion purely depends on the temperature, which is consistent with the experimental study of oxidation of alloy RR1000 [28] . For modelling of stress-assisted oxygen diffusion, a sequential coupling between the mechanical deformation and oxygen diffusion was adopted to include the effect of stress fields on oxygen diffusion process [34, 36] . Figure 13 shows the contour plot of the hydrostatic stress for the submodel loaded for 33,473 cycles under an applied load of 8kN (f = 0.25Hz and R = 0.1).
Heterogeneous stress distributions can be clearly observed and the maximum value of the local hydrostatic stress (~328MPa) is about twice the global hydrostatic stress (~181MPa). A close inspection shows that most stress concentrations are located at the triple or multiple points along grain boundaries due to the mismatch of the mechanical properties of multiple grains, which would generate large stress gradient and promote oxygen penetration. In the presence of stress, simulation of oxygen diffusion within the material is controlled by two essential parameters, namely, the oxygen diffusivity and the pressure factor [34, 36, 37] . So far, no direct measurements are available for oxygen diffusion parameters in nickel alloys. The present work measured the depth of internal oxidation under variable cyclic stress levels from the fatigue-oxidation tests on waisted specimens.
The measurements have been subsequently used for the determination of the two essential parameters based on the simulation of oxygen penetration along grain boundaries under the influence of hetrogeneous ploycrystal plasticity deformation. The obtained diffusivity for temperature from 650C to 800C is on the order of 10 [61] and Gustafsson et al. [62] . As explained in Kaur et al. [63] , a 1/4-time exponent can be found when oxygen penetrates the crack tip not only from the grain boundaries but also from the bulk. Oxygen diffusivity, estimated from 1/4-exponent dependence, will increase by two to three orders when compared to that estimated from a parabolic law (i.e., 1/2-exponent).
Coupled with viscoplasticity, we simulated the oxygen diffusion process near a fatigue crack tip, where oxygen intake at the crack tip is given by Eq. (3), derived from the kinetics study (weight gain) of alloy RR1000 in Encinas-Oropesa et al. [28] . Our results showed that the oxygen level near the tip of a propagating crack seems to be of rather small magnitude (up to 1µg/mm temperatures of interest (i.e., 650°C). Consequently, attempts to examine the oxidation into crack tip would be very difficult, as the process also occurs over a small scale of distance. This is probably why no direct evidence of oxygen penetration into a crack tip has ever been reported in literature up to date. Some published work demonstrated only an indirect evidence of oxygen penetration into a propagating crack tip [6, 7, 64] . The majority of research work still tended to look at the oxide deposits on the fracture surfaces, which is considered as secondary as it occurs in the wake of crack growth. Nevertheless, in the current work, the simulated oxygen concentration ahead of the crack tip has been used to quantify the oxidation embrittlement near the crack tip, from which a failure curve has been constructed based on the consideration both fatigue deformation and oxidation damage.
The crack growth rates in air at high-temperature can be predicted very well from the fatigueoxidation failure curve, although collecting experimental evidence of crack tip oxygen diffusion process and measurements of oxygen concentration near the crack tip are challenging tasks and yet to be accomplished. Oxygen diffusion process at a crack tip is a dynamic process, a combined effect of time, temperature and local deformation, and can be identified in terms of short and long range diffusion processes [4, 65] , which has not been distinguished in the present simulation. The loading rates near the crack tip, which also play a role in the mechanism of oxygen-induced intergranular fracture [9, 10, 66, 67] , were not considered in the oxygen diffusion simulation. Oxidation effects could occur primarily during the loading part of the cycle when the crack tip is in traction [9] . This aspect needs to be tackled in further work by considering the full interaction between oxygen diffusion and crack tip stress fields.
In creep-fatigue oxidation interaction, some authors suggested that the crack does not propagate during the hold time and that the acceleration in crack growth rate is related to the formation of an oxygen assisted damage zone ahead of the crack tip [e.g., 62]. Such phenomenon seems to be supported from our numerical simulations, as oxygen concentration increases drastically with the increase of dwell periods. However, in this work, the crack was predicted to grow at the time when the combined inelastic strain and oxygen concentration reach the failure curve, even during the hold period. It is also noticed that our model underestimates the crack growth rate for long-dwells (typically > 300s, Fig.12 ). As discussed earlier, the determination of diffusion parameters was based on the measured depth of oxides, rather than the depth of oxygen diffusion, using a parabolic law.
This could give an underestimation of the diffusivity and the pressure factor, and hence weaken the effect of stress on diffusion, especially during the hold period with maximum stress level. Also in this work, diffusion of oxygen was modelled using a simplified approach, which considers only the influence of stress on diffusion without the full interaction between deformation and oxygen diffusion. Consequently, the growth stresses (may reach 1GPa [68] and contribute to crack growth) induced by oxidation itself was disregarded in our model. In addition, oxygen intake at the crack tip depends on the availability of oxygen in the vicinity of the crack tip, and could reach a peak state during the hold time when the crack tip is fully open, which has not been considered in the paper.
Thus, further work is required to address these issues for model improvement, including the effects of curvature gradient introduced by the crack geometry (an additional driving force for mass transport [69, 70] ) and the grain boundary deformation (controlled mainly by sliding and diffusion [71] ).
Conclusions
FIB secondary ion imaging showed the presence of internal oxides in alloy RR1000, indicating the oxygen penetration into the material. Cyclic stress was shown to have an influence on oxidation damage for temperatures at 750C and above, and the depth of internal oxidation damage was enhanced by the increase of cyclic stress level. Finite element analyses of oxygen penetration along the grain boundaries have been carried out to obtain the diffusion parameters, which were subsequently used for modelling of the oxidation-assisted fatigue crack growth. A failure curve for crack growth under fatigue-oxidation condition has been constructed based on the consideration of both the accumulated inelastic strain and the oxygen concentration near the crack tip. Crack growth rates, predicted from the failure curve for selected frequencies and dwell periods, compare well with the experimental results. Table 2 . Values of the material parameters for the crystal plasticity constitutive model at 650C. Table 3 . The oxygen diffusivity at four temperatures. Table 4 . The pressure factor at four temperatures. 
